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The TRAPPIST-1 system is the first transiting planet system found orbiting an ultra-cool dwarf star 1 . At least seven planets similar to Earth in radius were previously found to transit this host star 2 . Subsequently, TRAPPIST-1 was observed as part of the K2 mission and, with these new data, we report the measurement of an 18.77 d orbital period for the outermost transiting planet, TRAPPIST-1h, which was unconstrained until now. This value matches our theoretical expectations based on Laplace relations 3 and places TRAPPIST-1h as the seventh member of a complex chain, with three-body resonances linking every member. We find that TRAPPIST-1h has a radius of 0.727 R ⊕ and an equilibrium temperature of 169 K.
We have also measured the rotational period of the star at 3.3 d and detected a number of flares consistent with a low-activity, middle-aged, late M dwarf.
The star TRAPPIST-1 (EPIC 246199087) was observed for 79 days by NASA's Kepler Space Telescope in its two-reaction wheel mission 4 6, resulting in a 5-day data loss. Typically upon downlink from the spacecraft, the raw cadence data are calibrated with the Kepler pipeline 5 , a lengthy procedure that includes background subtraction, smear removal, and undershoot and nonlinearity corrections. However, given the unique science drivers in this dataset, the raw, uncalibrated data for Campaign 12 were made publicly available on 2017 Mar 8 shortly after downlink. We download and calibrate the long cadence (t exp = 30 min) and short cadence (t exp = 1 min) light curves using a simple column-by-column background subtraction, which also removes smear and dark noise (see Methods). Because of its two failed reaction wheels, rolling motion of the Kepler spacecraft due to torque imbalances introduces strong instrumental signals, leading to an increase in photometric noise by a factor of ∼3 − 5 compared to the original mission. Since TRAPPIST-1 is a faint M8 dwarf with Kepler magnitude Kp ∼ 16 − 17 (see Methods), these instrumental signals must be carefully removed to reach the ∼0.1% relative photometric precision required to detect Earth-size transits 6 . To this end, we detrend the long cadence light curve for TRAPPIST-1 using both EVEREST 7, 8 and a Gaussian process-based pipeline, achieving an average 6-hr photometric precision of 281.3 ppm, a factor of 3 improvement over the raw light curve. After analysis of the long cadence light curve, we detrend the short cadence light curve in the vicinity of features of interest, achieving comparable or higher 6-hr precision (see Methods).
We conduct three separate transit searches on the long cadence light curve, aiming to constrain the period of TRAPPIST-1h, which had only been observed to transit once 2 , as well as to detect additional planets in the system. A dynamical analysis made by our team prior to the release of the K2 data suggested certain values of the period of TRAPPIST-1h based on the presence of threebody resonances among the planets. Three-body resonances satisfy pP and Kepler-80 12 with (p, q) = (2, 3) . Among the inner six planets in TRAPPIST-1, there are four adjacent sets of three planets that satisfy this relation for 1 ≤ p ≤ 2 and 1 ≤ q ≤ 3 (Table 1 ). This suggested that the period of planet TRAPPIST-1h may also satisfy a three-body resonance with TRAPPIST-1f and g. The six potential periods of TRAPPIST-1h that satisfy three-body relations we had reason to believe it was the correct period for TRAPPIST-1h. To test this hypothesis, in our first transit search we simply fold the long cadence light curve at the four expected times of transit given this period and the single Spitzer transit time, finding evidence for a transiting planet at that period. Follow-up with detrended short cadence data confirms the transit-like shape of each of the four events and a depth consistent with that of TRAPPIST-1h (see Methods).
To prove the uniqueness of this detection, in a second analysis, we search the detrended K2 light curve after subtracting a transit model including all known transits of planets b-g, based on published ephemerides and planet parameters 2 . We use the photometric residuals as input to a Box-fitting Least Squares (BLS) algorithm (see Methods) to search for additional transit signals.
In this search, we do not impose prior information on TRAPPIST-1h. We find a periodic signal at We use the orbital period of TRAPPIST-1h determined in the previous step along with the parameters 2 of planets TRAPPIST-1b to g to determine whether a model including TRAPPIST-1h is favoured. This is achieved through Markov Chain Monte Carlo model fits with and without TRAPPIST-1h. We find a Bayes Factor of 90 in favour of a model that includes TRAPPIST-1h (see Methods), supporting the photometric detection of this seventh planet in the K2 dataset. The detection of TRAPPIST-1h is thus supported by 1) the three transit search analyses that recovered both the orbital phase from the Spitzer ephemeris 2 and the period of 18.766 d, 2) the Bayes Factor in favour of the 7-planet model and 3) the orbital period that is the exact value predicted by Laplace relations. Figure 1 shows the full light curve, the newfound transits of TRAPPIST-1h, as well as an update to the geometry of the orbits given the new orbital period. In Table 2 we report the properties of the planet derived in this study.
To characterize the three-body resonance, we use the transit timing data to identify φ (see Methods) for each set of three planets. A full transit-timing cycle has not elapsed within the data, so we cannot estimate the libration center for each φ. However, we report in Table 1 with the orbits of the other planets. Our simulations show that the stellar input is also too low to sustain a thick CO 2 atmosphere due to CO 2 condensation. In particular, CO 2 levels cannot exceed 100 ppm within a 1 bar N 2 atmosphere. Alternatively, a liquid water ocean is possible under a layer of ice. The minimum thickness h of this layer depends on the internal heat flux Φ int :
Assuming the Earth's current geothermal flux, a layer of 2.8 km (the mean depth of Earth's oceans) would be necessary.
While the long spin-down times of ultra-cool dwarfs prevent derivation of a robust gyrochronology relation 25 , the rotational period of TRAPPIST-1 can be used to derive a provisional age estimate for the system. Fourier analysis of the detrended K2 data (Fig. 2) consistent with a low-activity M8 star, also arguing in favor of a relatively old system. Near the end of the K2 campaign, a very energetic flare erupted, and was observed by Kepler. Full modeling of flares will be presented in a forthcoming paper.
The K2 observations of the TRAPPIST-1 star have enabled the detection of the orbital period of TRAPPIST-1h, continuing the pattern of Laplace resonance amongst adjacent triplets of planets.
We search for but do not detect additional planets in the system. Compared with previous groundbased and Spitzer observations, the continuous coverage, high precision, and shorter wavelength of the K2 observations enable a robust estimate of the rotational period and flare activity of the star, motivating further study of the atmospheres and dynamical evolution of the planetary system. Competing interests The authors declare that they have no competing financial interests. The full detrended K2 light curve with stellar variability removed via LOESS regression (order = 1; width = 0.15 d). Data points are in black, and our highest likelihood transit model for all seven planets is plotted in thin grey. Coloured diamonds indicate which transit belongs to which planet. Four transits of TRAPPIST-1h are observed (light blue diamonds). c The top four curves show the detrended and whitened short-cadence in light blue, with a transit model based on the Spitzer parameters in dark blue. Binned data is over-plotted in white for clarity. The folded light curve is displayed at the bottom. d View from above (observer to the right) of the TRAPPIST-1 system, at the date when the first transit was obtained for this system. The grey region is the surface liquid-water habitable zone. planets 1,2,3 p q Table 2 Properties of TRAPPIST-1h, limb-darkening parameters and transit timings derived using a joint Spitzer and K2 dataset. Parameter values are the medians of the posterior distributions from the MCMC and the associated error bars are the 1-sigma credible intervals.
Methods
Light curve preparation. We use the package kadenza to generate a target pixel file (TPF) from the Campaign 12 raw data for TRAPPIST-1 (see Code Availability). In addition to EPIC ID 246199087, which corresponds to a standard-size postage stamp centered on TRAPPIST-1, the Kepler GO Office also made available a larger, 11 × 11 pixel custom mask with a different ID (200164267), which we use for the purposes of this study. We manually select a rectangular Before the K2 observation, we estimated the Kp magnitude of TRAPPIST-1 to be 17.2±0.3 based on a fit to a corrected blackbody spectrum. However, the photometric precision we achieve with EVEREST is inconsistent with a target dimmer than Kp ∼ 17. Our detrending therefore suggests that the magnitude of TRAPPIST-1 in the Kepler band is 16 < Kp < 17.
Light curve detrending -Gaussian process (GP) model. Independently, we also detrend the data with a GP-based pipeline. To perform aperture photometry, we locate the star using a centroid fit and apply a circular top-hat aperture following the star's centroid coordinates. We then use a GP model to remove the pointing drift systematics using an additive kernel with separate spatial, time and white noise components 32, 33 :
where x and y are the pixel coordinates of the centroid, t is the time of the observation, and the other variables (A xy , L x , L y , A t , L t , σ) are hyperparameters of the GP model. We use the GEORGE package 34 in PYTHON to implement the GP model. To find the maximum likelihood hyperparameters we use a differential evolution algorithm 35 , followed by a local optimization.
This method was tested on magnitude 16 − 18 stars observed in Campaign 10 of K2, and we use the results of those tests, and of previous GP applications to K2 data 33 , to inform our priors on the hyperparameters.
For the TRAPPIST-1 data, we use an iterative sigma-clipping method to remove outliers and prevent the time component from overfitting. This method has been previously used in the k2sc 33 pipeline. First, using fiducial hyperparameter values based on analysis of a Campaign 10 target, we remove all measurements with residuals greater than 3σ from the mean GP prediction. With the remaining measurements, we update the hyperparameters by maximizing the GP likelihood. Using these parameters, we once again clip all 3σ outliers and maximize the GP likelihood using only the remaining measurements. The final detrending is calculated for all points, including outliers.
Photometric analysis I. We fold the long cadence data on the dynamically predicted orbital period Fig. 2 ). In both cases, the transit of TRAPPIST-1h is visible in the residuals.
In Supplementary Fig. 3 we show the folded short cadence data after accounting for TTVs, with a transit model based solely on the Spitzer parameters.
Photometric analysis II. We use the long-cadence detrended light curve to perform a transit search with a box least-squares fitting algorithm (BLS) 38 . We set the BLS to orbital periods rang- We then use a Markov Chain Monte Carlo (MCMC) algorithm previously described in the literature 39 to derive the transit parameters of TRAPPIST-1h from the detrended light curve. Each photometric data point is attached to a conservative error bar that accounts for the uncertainties in the detrending process presented in the previous section. We impose normal priors in the MCMC fit on the orbital period, transit mid-time center and impact parameter for planets TRAPPIST-1b to g to the values recently published 2 . We further assume circular orbits for all planets 1, 2 . We also include normal priors for the stellar properties, which are N (0.080, 0.007 2 ) M for the mass, N (0.117, 0.004 2 ) R for the radius, N (2,555, 85 2 ) K for the effective temperature and N (0.04, 0.08 2 ) dex for the metallicity 2 . We use these stellar parameters to compute the quadratic limbdarkening coefficients u 1 and u 2 in the Kepler bandpass from theoretical tables 40 . In a first MCMC fit, we use a 7-planet model that includes all seven planets, with no prior information on the orbital period or t 0 of TRAPPIST-1h. In the second fit we employ a 6-planet model that excludes TRAPPIST-1h. We use the results from both MCMC fits to compute the Bayesian and Akaike
Information Criteria (BIC and AIC, respectively) to determine which model is favoured. We find BIC values of 2888 and 2897 for the 7 and 6-planet models, respectively. This corresponds to a
Bayes Factor e (BIC 1 −BIC 2 )/2 = 90 in favour of the 7-planet model. Similarly, we find AIC values of 2691 and 2725 for the 7 and 6-planet models, respectively. We perform a third MCMC fit to refine the transit parameters of TRAPPIST-1h. For this fit, we use as input data the K2 short-cadence data centered on the 4 transits of TRAPPIST-1h ( Fig. 1 ) and the single transit light-curve previously obtained with Spitzer. This fit includes a model for TRAPPIST-1b and a flare that both affect the transit shape of TRAPPIST-1h in the K2 short-cadence data. This fit also allows for TTVs for the individual transit timings. We find photometric precisions of 365 ppm and ∼1100 ppm per 10 min for Spitzer and K2 respectively. We report the median and 1-sigma credible intervals of the posterior distribution functions for the transit parameters of TRAPPIST-1h in Table 2 , along with the individual transit times.
Photometric analysis III. In order to prevent the overfitting of transit features, we mask all transits of b−h when detrending with EVEREST. However, this inevitably results in a lower detrending power during transits. A powerful alternative to the detrend-then-search method employed above is to simultaneously fit the instrumental and transit signals, without masking those features 41 . We therefore conduct a second, separate blind search on the EVEREST light curve specifically for TRAPPIST-1h. Given a raw light curve y, a data covariance matrix Σ, and a single-transit model m t 0 centered at t = t 0 , the log likelihood of the transit fit is
where C is a constant. The data covariance matrix, Σ, is the sum of the astrophysical covariance and the L2-regularized PLD covariance and is given by
where K is the astrophysical covariance given by the EVEREST GP model, X is the matrix of PLD regressors (the design matrix), and Λ is the prior covariance of the PLD weights (the regularization matrix) which we obtain by cross-validation 8 . Since the transit shape and duration of TRAPPIST1h are known 2 , the only free parameter in the search was t 0 , the time of transit. We therefore evaluate m t 0 multiple times, centering the transit model at each long cadence and computing the likelihood of the transit model fit as a function of cadence number. We then subtract these values from the log likelihood of the data with no transit model ( m t 0 = 0) and multiply by 2 to get the delta-chi squared (∆χ 2 ) metric, which measures the decrease in the χ 2 value of the fitted light curve for a transit of TRAPPIST-1h centered at each cadence. Finally, we also compute ∆χ 2 conditioned on the known "true" transit depth of TRAPPIST-1h, d 0 = 0.00352 ± 0.000326:
where
is the maximum likelihood depth of the transit model and
is the variance of the depth estimate. Positive peaks in ∆χ 2 indicate features that are well described by the transit model, while positive peaks in ∆χ 2 cond reveal features that are well described by the transit model with depth d = d 0 . In Supplementary Fig. 4 we show the two ∆χ 2 metrics across the full TRAPPIST-1 light curve after subtracting a transit model for planets b − g based on their
Spitzer parameters. The strongest features in the ∆χ 2 plot (top) are flares, as these can be fitted out with an inverted transit model. When conditioning on the true depth of TRAPPIST-1h (bottom), the significance of most of the flare features decreases, revealing the four peaks of TRAPPIST-1h
(red arrows).
In order to assess the robustness of our detection, we compute the total ∆χ Three-body angles. The mean longitude of a planet with orbital period P is an angular variable that progresses at a constant rate with respect to time t, which is measured from the time the planet passes a given reference direction:
with λ measured in degrees. For transiting planets, the reference direction is taken as the plane perpendicular to the observer's line of sight, as the planet is progressing towards the transiting configuration. We assume orbits with negligible eccentricities 11 , for which λ = 90
• at transit mid-time, so that we may write
for each planet, where T n is the time of transit of the n th planet. For a 3-body resonance (p, q), we may therefore express the three-body angle as
The state of a φ value is assessed when individual transit times of three planets are taken near each other. For instance, for the transit times 2 T f = 7662.18747, T g = 7665.35151, T h = 7662.55463, and (p, q) = (1, 1), we compute φ = 177.4
• at t = 7664 (BJD − 2, 450, 000).
Tidal simulations. Tidal interactions with the star are important for all 7 planets. We perform N-body simulations of the system including an equilibrium tidal dissipation formalism 42, 43 using the Mercury-T code 44 . We use orbital parameters from the discovery paper 2 and a period of TRAPPIST-1h of 18.765 d (a near 2:3 resonance configuration with planet g). We consider the planets' spins to be tidally synchronized with small obliquities. This is justified because even if the age of the system is 400 Myr (a lower estimate for the age of TRAPPIST-1), planetary tides would have had time to synchronize the spins 45 (even when atmospheric tides are accounted for). We test different initial eccentricities and different values for the planets dissipation factors (from 0.01 to 10 times the Earth's value 46 ).
Our simulations show that the planets' orbital eccentricities are likely to be low. In just a few Myr all eccentricities decrease to below 0.01 for dissipation factors ≥ 0.1 times the Earth's value.
Due to planet-planet interactions, the eccentricities do not decrease to zero but instead reach an equilibrium value determined by the competition between tidal damping and planet-planet eccen-tricity excitation 47 . All planets stay in resonance during the evolution towards tidal equilibrium. Planet habitability. We calculate the minimum stellar flux required for liquid water with the LMD 1D/3D Global Climate Model 50 using a synthetic spectrum of TRAPPIST-1 based on its reported T eff , log g, metallicity, and bolometric luminosity 2 , obtaining a value of 300 W/m 2 , which is 100 W/m 2 higher than the planet's present-day instellation. Our results are in agreement with habitable zone boundaries computed for a 3000 K star 51 . Assuming zero albedo, we find that the equilibrium temperature of TRAPPIST-1h is 169±4 K.
Whether or not TRAPPIST-1h presently hosts an atmosphere is unclear. Given its radius measurement and a range of possible compositions (from pure water ice to pure iron), the mass of TRAPPIST-1h is likely in the range 0.067-0.863 M ⊕ ; if TRAPPIST-1h has an Earth-like composition, this value is 0.33 M ⊕ 52 . Assuming TRAPPIST-1h migrated to its current location quickly, the planet's low surface gravity could have led to vigorous hydrodynamic escape of a primordial atmo-sphere in the first few 100 Myr after its formation, since at that time TRAPPIST-1 was significantly brighter and TRAPPIST-1h would have been interior to the habitable zone 53, 54 . The presence of a subsequently outgassed atmosphere, however, cannot be ruled out.
In theory, the surface of TRAPPIST-1h could harbor liquid water under such an outgassed atmosphere if it is H 2 -rich. Stellar variability. To establish the rotation period of TRAPPIST-1, we clean the long cadence EVEREST light curve (Fig. 2 ) of remaining outliers, transits, and flares. We iteratively fit and remove low frequencies that remain in the light curve from the detrending process. To extract the rotation period, we calculate the Discrete Fourier Transform (DFT) following a previously established method, 60 and proceed to fit the detected frequency with non-linear least-squares. The rotation period is determined to be 3.30 ± 0.14 d.
To determine the occurrence rate of stellar flares, we again take the EVEREST detrended long cadence light curve and remove transits and outliers. We require flares to have peak emission 1% above the normalized continuum flux and two consecutive signals above the continuum. We detect a total of 19 flare events, corresponding to an average rate of 0.26 d −1 . A more refined determination of flaring rate and energies requires analysis of the short cadence data, which will be presented in a forthcoming paper. Figure 1 The four transits of TRAPPIST-1h. The detrended short cadence data is shown as black dots. Orange curves are these data binned to 30-minute cadence, and red curves are the detrended long cadence data. The transits of TRAPPIST1h and other planets are indicated with red letters. Corrections have to be made to remove the simultaneous transit of b in transit 3 and a near-simultaneous flare in transit 4. The uncorrected data for these transits is shown in the middle row, and the data with these features removed is shown in the bottom row. 
